The fluorescence excitation and excitation anisotropy spectra at -60 OC in a propylene glycol glass are reported for 7-azaindole and three related derivatives: 7-azatryptophan, N1-methyl-7-azaindole (1 M'IAI), and 7-methyl-7H-pyrrolo [2,3-b]pyridine (7M7AI). At the reddest excitation wavelengths, steady-state anisotropy values are observed in the range 0.17 to 0.23, which is significantly less than the theoretical limiting anisotropy of 0.4. The anisotropy spectra indicate the presence of closely-spaced 'Laa nd ~LLba, nds as in indole. The low temperature anisotropies are compared with results from time-dependent measurements. An alternative method of collecting fluorescence depolarization data in time-correlated single-photon counting experiments is also presented. It is reliable, provides long-term stability, which is essential for weakly fluorescent samples, and obviates the need for "tail-matching" scaling procedures. This method is tested with the well-characterized fluorescein derivative, rose bengal, and is employed to compare the rotational diffusion times of the normal and the tautomer species of 7-azaindole in methanol and butanol with that of the fluorescent, "blocked," species of 7-azaindole in water.
Introduction

7-Azaindole
) is the chromophoric moiety of the nonnatural amino acid, 7-azatryptophan. We have proposed 7-azatryptophan as an alternate to tryptophan for use as an optical probe of protein structure and dynamics.'-5 The suitability of 7-azatryptophan is based on its single-exponential (780-ps) fluorescence decay (when emission is collected over the entire band), its spectroscopic distinguishability from tryptophan in both absorption and emission, and its amenability to peptide synthesis and incorporation into bacterial protein.
To use 7-azatryptophan as a probe of protein structure and dynamics it is crucial to understand the photophysics of the 7-azaindole chromophore in water. We have obtained evidence for four nonradiative processes: photoionization, intersystem crossing, internal conversion, and excited-state tautomerization.s5 Unlike its dimer6"J or when it is in alcohols,ll-14 7-azaindole in water exhibits only a minor amount, 52096, of excited-state tautomerizati~n~-~ ( Figure 2 ). On theother hand, when emission is collected over the entire band, tautomerization is imperceptible because the fluorescence decay time of the population which can tautomerize, the "normal" species, is compensated for by the fluorescence rise time of the tautomer. Careful wavelengthresolved lifetime measurements reveal that a small fraction of tautomerization occurs in water. If fluorescence is collected over the entire band, however, the normal emission that decays as a result of tautomer formation is exactly canceled by the rising component of the tautomer emission. Hence, when emission is collected over the entire band, the lifetime is single exponential.3-5 Chou et aI.l5 have also discussed the inability of 7-azaindole in water to execute double-proton transfer.I6 Because tautomerization of 7-azaindole in water is not facile, the fluorescence spectrum is smooth with a single maximum at 386 nm instead of bimodal as it is in alcohols (e.g., for methanol A, , , = 374,505 nm). The small fraction of molecules that do tautomerize are most likely rapidly protonated and have an emission maximum at -440 nm. 5 While much has been learned about the photophysics of 7-azaindole, there are outstanding questions that must be resolved in order to appreciate fully its use as a biological probe: how does the electronic structure of 7-azaindole differ from that of indole * To whom correspondence should be addressed. and how do these differences result in the "well-behaved" photophysics of 7-azatryptophan, which are exemplified by its single-exponential fluorescence lifetime as opposed to the nonexponential fluorescence lifetime of tryptophan?lJ7 In order to provide answers to these questions, we have performed fluorescence excitation anisotropy measurements of 7-azaindole in order to compare its excited-state level structure with that of indole. Valeur and Weber's resolved the fluorescence excitation spectrum of indole into overlapping 'La and 'Lb bands at -58 OC in propylene glycol and reported the 'Lb transition to be quite structured with maxima at 282.5 and 289.5 nm. They reported the 'La transition to be broader and to absorb farther to the red than the 'Lb transition. An important question is whether 7-azaindole and related compounds share these features in common with indole or whether the nitrogen at the 7 position is sufficient to perturb significantly theoverlap of these two bands.
The purpose of this article is thus to investigate, through fluorescence excitation spectra and fluorescence excitation anisotropy spectra, the lowest lying electronic transitions of 7-azaindole and its analogs. In addition to 7-azaindole and 7-azatryptophan, we investigate derivatives that mimic untautomerized and tautomerid 7-azaindole: N1-methyl-7-azaindole (1 M7AI) and 7-methyl-7H-pyrrolo[2,3-b]pyridine (7M7AI) (Figure 1) . We reproduce the results of Valeur and Weber for indole. The fluorescence excitation spectra for indole and 7-azaindole are decomposed into 'La and ILb components using the conventional analysis."JJ9 We shall discuss in detail when such an analysis may be inappropriate. For 7-azaindole, we compare the steady-state low temperature anisotropy, ro, with the limiting anisotropy, r(O), obtained in timedependent measurements in the liquid phase.
ExperimeatalScctioa
L Mated& Indole and D,L-7-azatryptophan (Sigma Chemical Co.) were used without further purification. 7-Azaindole (Sigma) was purified via flash chr~matography~-'~~~ using ethyl acetate as a solvent. Detailed methods of synthesis and purification for 1 M7AI and 7M7AI have been described elsewhere.5~~~ For the steady-state measurements, compounds were dissolved in propylene glycol to make 1&50 pM solutions. Solutions of low concentration are required to prevent aggregation of the solute during cooling.
II. Steady-State Measurements. Steady-state measurements were performed using a Spex Fluoromax (error of i0.5 nm) adapted to hold a quartz-windowed Dewar flask containing a 5 mm-diameter quartz sample tube. A methanol/dry ice slurry maintaineda sample temperature of less t h a n 4 0 OC. All spectra were corrected. A l-nm band-pass was used for excitation and emission.
We follow the procedure outlined by Valeur and Weber1* and utilized by Eftink et aLI9 for the resolution of the excitation anisotropy spectra into two bands arising from IL, and ILb electronic transitions.
The steady-state anisotropy, ro, of a system is given by Rich et al.
where I 11 is the emission polarized parallel to the excitation source and I , = SI:. g is a correction factor for the polarization dependence of the emission monochromator; and I: is the uncorrected intensity of emission polarized perpendicular to the excitation source. g is obtained for a sampleat room temperature, where the steady-state emission is expected to be cofnpletely depolarized. For our experiments, we define g = 111/1,, where the excitation source is polarized vertically in the laboratory frame for both emission measurements. JJL Tiw-Resdvcd M e a " t s .
The time-correlatcd single photon counting apparatus' and the data analysis for fluorescence anisotropy measurements are described elsewhere.22.23 The timedependent anisotropy, r(t), is constructed in a manner similar to that of its steady-statecounterpart. It is related to the correlation function of the transition dipole moment for absorption to state i at time zero, &,(O), with the transition dipole moment for emission from state I at subsequent times, t , P:,,,(t). For a sphere undergoing rotational diffusion by Brownian motion:24 I,(r) and I,(#) are the time dependent fluorescence intensities parallel and perpendicular to the excitation polarization. P2 is the m n d Legendre polynomial, 0 is the angle formed by pib, 0) and iiLm(0), and T~ is the diffusion relaxation time for a sphere (Le., rr = 1/60, D being the diffusion coefficient). Accurate construction of the fluorescence anisotropy decay function demands that the sample%be exposed to equivalent excitation intensity during the collection of the parallel and perpendicular emission profiles. Numerous methods have been proposed for the normalized collection of Ii(1) and Zl(r). They have been summarized by Cross and Fleming.23 In general, these methods fall into two categories: genuine simultaneous collection or alternate sampling procedures. If these methods arenot adequate, the two curves must be scaled, "tail-matched," to have equal intensity at times where the fluorescence emission is expected to be depolarized. In the following, we present a method for acquiring fluorescence depolarization data without recourse to scaling procedures. This technique is based upon alternate detection of Zll(t) and Z,(t), obviates the need for scaling procedures, and permits very precise measurements of fast reorientation times.
Automation of both polarizer movement and multichannel analyzer (MCA) operation provides our apparatus with the capability of sampling fluorescence at multiple orientations of the analyzer polarizer. A polarizer (Polaroid, HNP,B) is mounted on a modified motorized rotation stage (RSA-lTM, Newport, Corp.) and is synchronously controlled in conjunction with the MCA (Norland SSOO), making possible alternate readings of IH(t) and IL(t). Polarization bias in our system is negligible. By alternately acquiring Il(t) and I l ( t ) , one may compensate for drift in the laser system over long periods of time, at least up to seven hours, thereby allowing for the collection of fluorescence depolarization data without recourse to scaling procedures. (Long-term drift in electronic components may still present a problem that is more difficult to compensate for.) Such compensation is crucial if the sample is weakly fluorescent and many hours of data accumulation are required. An IBM 386 clone controls both the rotation stage and the MCA under the direction of Asyst software, an advanced fourth-generation data acquisition and analysis language. Data transfer and MCA control are achieved over an RS-232 serial link connecting the computer to the MCA. The motorized rotation stageis interfaced to the computer via a parallel port connection to a manual-stage controller (Newport 860 SC-C). The operator specifies the data names in which to store the Ij(t) and Zl(r) data, the maximum count of any channel that will terminate the experiment, the length of the ql(t) and I,(t) acquisition times (usually 1-5 min), and the present orientationof the analyzer polarizer. Approaches similar to ours have been present~d.~~-~2 For example, Fayer and coworkers use a Pockels cell to rotate the polarization of their excitation beam by 90° every 20 s.30. 31 Millar et al.32 describe an apparatus for sampling parallel and perpendicular emission intensities; but they do not discuss the long-term reliability of their system, nor are the results calibrated against a standard.
One of the most thoroughly investigated dye molecules is the fluorescein derivative, row bengal.333" Figure 3 laser intensity on this time scale. In these experiments we have made no special effort to ensure long-term stability of our excitation source since our main concern is to demonstrate that in its absence it may be compensated for-especially when long accumulation times are required. The assumptions underlying the spectral decomposition indicated by eqs 4 and 5 are quite severe and must be stated explicitly and commented upon.
1. In their original analysis of the steady-state anisotropy spectrum of indole, Valeur and WeberIE assumed that at the very reddest excitation wavelengths the steady-state anisotropy arose entirely from 'La, which was known to lie below 'Lb in polar ~o l v e n t s .~~~~~ Their assignment, however, of r, = 0.3 still required rationalization since this value is less than 0.4, the theoretical limiting valueof the anisotropy (eq 2). The diminkhed anisolropy has been attributed to either an angle between c(,,blL* and A m t L * that was greater than Oo or, which is less likely, to exceedingly rapiddepolarizing motion that could occur even in a glass.I8J9J8
2. The assumption that at the reddest excitation wavelengths the steady-state anisotropy arises entirely from IL, implies that at these wavelengths only 'La absorbs and emits radiation and that it is kinetically isolated from the 'Lb state. This assignment seems increasingly less valid as the measured values become lower. Eftinket al.I9 have arbitrarily picked 0.3 as the value below which the assumption is no longer valid.
3. The Z.(X) and Zb(X) excitation spectra resulting from the spectral decomposition must be carefully interpreted. It has been tacitly assumed that Z,(X) and represent the absorption spectra connecting lLa and 'Lb to the ground electronic state. But the fluorescence intensity is proportional to IO€&, where IO is the excitation intensity, e is the extinction coefficient of the absorbing species, and t $~ is the fluorescence quantum yield. If 4~ varies with excitation wavelength, the fluorescence excitation spectra cannot be identified with absorption spectra. Such an excitation wavelength dependence of the quantum yield has been cited for transition is apparent at 287.5 nm, yet the analogous transitions at 298.0 nm for 7-azaindole and 300.5 nm for 7-azatryptophan are much less pronounced. Resolved excitation spectra of the methylated derivatives (not shown) lack the structure observed in thow of 7-azaindole and 7-azatryptophan, showing only a slowly varying change in the proportions of the 'L, and ILb transitions. Similar to that of indole, the 'La contribution of these compounds is broad, absorbing over a much larger wavelength region than that of ILL,, and is less structured than the 1Lb contribution.
For reasons that are listed above and elaborated in detail in Section I of the Discussion, the resolution of the fluorescence A rotational diffusion time, T,, of 34 p is obtained in both cases (Table I) . for the tautomer is -0 (Table I) . At higher viscosities, for example r) = 6.96 cP, one begins to discem a measurable r(0) (i.e., r(0) = 0.004) for the tautomer and hence becomes able to resolve a rotational diffusion time that is comparable to that obtained from the normal band, 174 p. This is reasonable, since a priori there is no reason why the rotational diffusion time of the tautomer should be different from that of the normal species. The power of the time-correlated single-photon counting technique, coupled with our method of data collection, is demonsttated by our ability toobtainconsistent limiting anisotropy and rotational diffusion times (Table I ) with parallel and perpendicular emission curves that differ only slightly on the rising edges and the maxima (Figures 9 and 10) . Table I and Figure 5b , it can be seen that, for the excitation wavelengths investigated, the low limiting anisotropy, r(O), obtained in time-dependent measurements is the same, within experimental error, as that obtained in steady-state measurements, ro. Because the same results are obtained in liquid butanol, methanol, and water on the one hand and in propylene glycol glass on the other hand, the low limiting anisotropy may be attributed to nonmotional factors rather than to a rapid component of rotational diffusion that lies beyond the timeresolutionofour apparatusand that isexpectsd tobeviscosity dependent.
Similarly, the limiting anisotropy extrapolated for tryptophan using data obtained on time scales >5 p is less than 0.4, is wavelength dependent, and agrees with the steady-state results for indole.42 First Cross et al. 43 and then SzaboM demonstrated how the presence of two excited electronic states whost energy gap is close to kT can influence the short time anisotropy decay and hence give rise to apparently anomalously low r(0) values if the anisotropy measurement is not performed with sufficient time resolution. Subsequently, Fleming and co-workers4~ experimentally observed these effects in tryptophan and in the singlctryptophan-containing hormone and protein, melittin and Pseudomonas aeruginosa azurin, respectively. Subpicosecond resolution reveals r(0) = 0. 4 and rapid components of anisotropy decay in the range of 1-4 ps.
In the specific case where there are two closely lying excited states, 'La and 'Lb, the measured anisotropy decay function is a function of both wavelength and time.43 cxp(-t/r2), where A I < 0 for the rising component of the fluorescence, whose contribution to the emission is normalized to unity and is given in parentheses by H11/(!,411 + p21). For the tautomer, the first number is the risetime; the second, the decay time. The absence of a value indicates that the measurement was not performed. f 'Unresolved" indicates that the emitting species was not sufficiently polarized at time zero to obtain a meaningful result, in other words r(0) -0. 8 Where applicable, we present averages of experiments performed at both hX = 285 nm and hX = 305 nm. * This low value reflects the similar time scales of tautomerization and rotational diffusion. If the transition dipole moment for emission from the excited-state tautomer were different from the transition dipole moment for the absorbing species by approximately 50°, the 40) for 7-azaindole in methanol would be reduced by a factor of 10, thus rendering its measurements very difficult. As appealing as it may be to invoke this explanation to explain the low values of r(0) for the tautomer, the data may be rationalized without it. It is sufficient to note that at all viscosities except that for butanol at -9 OC, 6.96 cP, the rise time of the tautomer emission is at least 2.5 times longer than the rotational diffusion time (as obtained from the normal species). Clearly, one cannot detect polarized fluorescence if the time scale for the formation of the polarized species is longer than that for its depolarization. 'The majority of the 7-azaindole population in water is not capable of tautomerizati~n;~-~ hence it is in appropriate to refer to it as 'normal". And even though its fluorescence lifetime, quantum yield, and behavior with respect to deuterium substitution are tautomer-like, it is not a 'tautomer".
Because of these distinctions, we have referred to this species as "blocked".~ 'The quoted uncertainty is the standard deviation obtained from four independent measurements. The reproducibility of the measurement is enhanced by the automated, alternate collection of fn(r) and fl(r), which obviates the neccssity of determining a scaling factor. Determination of a scaling factor would be quite dimcult since most of the information concerning depolarization is contained in the rising edges of the curves. The best argument for confidence in this value is that it lies directly in the line obtained for the other rr obtained in water and that this line is parallel to that obtained in butanol (Figure 10 ). 1 All compounds were dissolved in propylene glycol and diluted to a finalconcentrationof 10-50pM. Valeurand Weber1* report anemission maximum of -330 nm for indole at -58 "C. This is the maximum we observe at room temperature. We observe a distinct blue-shift of the emission maximum as the sample is cooled. At -60 "C, the emission maximum is -slightly less than 300 nm. We are unable to obtain fluorescencespectra below 300 nm that have bccn comcted for instrument response. A shoulder is apparent at 298 nm in the excitation spectrum of 7-azatryptophan. The excitationqwtra of each compound at 20 OC and -60 OC have similar shapes and maxima. When 7-azatryptophan is cooled, however, structure becomes apparent and two relative maxima are observed.
line shapes, whose integrals are normalized to unity, of the 'La and 'Lb states. Thus, when two nearby states can be reached from the ground state in an optical transition (or if the upper state can be thermally populated), the observed anisotropy decay is a superposition of the individual anisotropy decays. The form of the observed anisotropy decay will depend strongly on the extinction coefficient connecting the ground electronic state to 'La or 'Lb, which will determine Ka*b(t=O), as well as on the relativecontributionofemission from thetwostates that isdetected at a given wavelength.
Using the level scheme depicted in Figure 11 , the following rate constantsM are defined.
k" = kb = k,' + kNRa ( 
7)
Here we assume that = ki. We also assume that the sum of the rate constants of the nonradiative processes depleting 'La and 'Lb, neglecting internal conversion, is the same for both levels: These calculations lead us to conclude that the low r(0) values observed for the normal form of 7-azaindole in alcohols and for the fluorescent species of 7-azaindole in water are a result of both level kinetics andof absorption by ILbevcn at the reddest excitation wavelengths. We noted earlier that a standard assumption used in decomposing fluorescence excitation anisotropy spectra is that at the reddest excitation wavelengths only the lower of the two The Journal of Physical Chemistry, Vol. 97, No. 9, 1993 1787 states is optically populated. This assumption may not be a good one for indole, where it has been asserted that ro = r, = 0.31*;
and it is most likely not appropriate for 7-azaindole and its derivatives. We have, nevertheless, employed this method of analysis because it indicates clearly, albeit only qualitatively, the presence of the IL, and the %b states.
In d+ssing the low v+~es of r(O), we have assumed that II. Solvent Internctionswitb Normal, Tautomer, md 'Blocked"
7-Azaiadole Species. In alcohols, the fluorescence emission of 7-azaindole is characterized by two bands with distinct and widely separated maxima as well as differmt fluorescence lifetimes."JI44 The redder of the two bands observed in alcohols is attributed to an excited-state tautomer. Consequently, the bluer of the two bands is attributed to a "normal" species. An intriguing characteristic of the emission of 7-azaindole in water is that only a smooth band is detected and the fluorescence lifetime is single exponential when emission is collected over the entire band over most of the pH range. Previously we suggested that the fluorescent species in water was predominantly "tautomer-like" because it bears some similarities with respect to fluorescence quantum yield and the deuterium isotope effect of its fluorescence lifetime with the tautomer in alcohols.2 As mentioned in the Introduction and discussed in detail elsewhere,s although a small fraction of the population in water is capable of tautomerization, the majority of the 7-azaindole molecules do not tautomerize.l6 We have referred to this solute population as "blocked" in order to distinguish it from the "normal" and the "tautomer" species. We have suggested that tautomerization is not possible for the "blocked" species because of its inability to form the appropriate geometry with the solvent, the idealized cyclic intermediate (Figure 2) , during the lifetime of the excited state. Chou et al. 15 have commented on this phenomenon and have made the distinction between a 7-azaindole monohydrate and a 7-azaindole polyhydrate, the latter being incapable of tautomerization, The blocked species possesses a short fluorescence lifetime and low quantum yield relative to the normal analog (lM7AI); 910 ps and 0.03 as compared with 21 ns and 0.55, respectively.5 These traits, along with the deuterium isotope effect,' render the photophysicsof the blocked species more like that of thetautomer species. On the other hand, in water the emission maximum is at 386 nm instead of 510 nm, as it is for the tautomer analog (7M7AI). ' In the light of our recent results, we no longer consider it useful to discuss the "blocked" species as being "tautomer-like." We thus feel that referring to the blocked species as either normal or tautomer is not appropriate when all the data are taken into account since it shares features of both.
The reorientation times obtained for 7-azaindole (Table I and Figure 10 ) allow us to compare the bulk solute-solvent interactions in different solvents. Figure 10 indicates that the normal form of 7-azaindole in butanol and the blocked species of 7-azaindole in water have, within experimental error, the same linear dependence of rotational diffusion time with respect to v / T . This indicates that the bulk interactions of 7-azaindole with butanol and water are the same.
Bauer et a1. 47 have suggested the empirical relationship, rr = q + 7,. From the slopes of the data presented in Figure 10 , the apparent volume of the rotationally diffusing species may be determined. If the species is a sphere, c = V/kT; and the data presented in Figure 10 yield V = 94 A3 for both butanol and water, (for other molecular shapes, however, a correction must be a p p l i~d ) .~~,~~ This experimental volume is in very good agreement with the "theoretical volume" of 104 A3 that may be determined from a consideration of van der Waals increments.51 This agreement is somewhat surprising since the experimental value is determined by assuming a spherical shape for the solute and by completely ignoring specific solute-solvent interactions, such as those depicted in Figure 2 , for example.
conehprioas
Despite the single-exponential fluorescence decay of the nonnatural amino acid, 7-azatryptophan, compared with the nonexponential decay of tryptophan and the significant spectroscopic differences between 7-azaindole and indole,2-5 these two chromophores are much more similar to one another than might have been expected. Not only do they share the same pathways of nonradiative decay in water, photoionization and intersystem c r o~s i n g ,~~~~~~~~ but they also possess similar excitedstate structureas is manifested by closely-lying IL, and ILbstates.
The proximity of thac two states is responsible for the wavelength dependence and the low value of the limiting anisotropy in steadystateand time-dependent measurements. Becauseof these effects, 7-azaindole can only be used as a probe of protein dynamics (in fluorescence depolarization measurements) on time scales of greater duration than the nonmotional depolarizing event (i.e., 25 ps). Absorption anisotropy must be performed if motion is to be detected unambiguously on a finer time scale.
